. Its recognition after cardiac surgery may be delayed by difficulties in distinguishing it from depressed left ventricular function until the onset of severe hypotension. In spite of the clinical significance of this condition as a preventable cause of impaired cardiac function, there is very little information available in man about the normal pericardial pressure or its modification in the presence of tamponade. We have, therefore, taken advantage of the development of small stable solid state transducers to measure the pressure in the pericardium in patients after open heart surgery. The purpose of the investigation was to gain information about mean and phasic pericardial pressure in patients whose clinical course was uncomplicated and use this as a basis for the early diagnosis of tamponade. It was also possible to use the technique to make more general observations on pericardial pressure, and in particular to investigate its relation with airway pressure during spontaneous and artificial ventilation, and also with that of the left ventricular cavity during diastole.
Pericardial pressure was measured in 18 patients undergoing cardiopulmonary bypass for up to 10 days using a solid state transducer. Mean and phasic pericardial pressure wave forms were similar to those reported in animals. A wide range of mean pressure from 0 to 30 mmHg was recorded, and values of up to 20 mmHg were observed in patients whose postoperative clinical course was uncomplicated.
Fluctuations in pericardial pressure during spontaneous and artificial respiration were small, suggesting that concomitant left ventricular diastolic pressure changes were mainly the result of alterations in diastolic filling. Relative ventricular and pericardial distensibilities were estimated from the ratio of the slopes of diastolic pressure with time, which showed that up to 25 per cent of left ventricular diastolic pressure was supported by the pericardium and 75 per cent by the myocardium.
Measurement of pericardial pressure had clinical value in 2 patients in confirming and excluding the presence of pericardial tamponade.
Acute pericardial tamponade is a condition with a high mortality if untreated. It causes severe depression of cardiac function by limiting ventricular diastolic expansion (Starling, 1897; Isaacs et al., 1954; Holt et al., 1960; Pegram et al., 1975) and by reducing coronary flow leading to myocardial ischaemia (O'Rourke et al., 1967; Frank et'al., 1971; Jarmakani et al., 1975) . Its recognition after cardiac surgery may be delayed by difficulties in distinguishing it from depressed left ventricular function until the onset of severe hypotension. In spite of the clinical significance of this condition as a preventable cause of impaired cardiac function, there is very little information available in man about the normal pericardial pressure or its modification in the presence of tamponade. We have, therefore, taken advantage of the development of small stable solid state transducers to measure the pressure in the pericardium in patients after open heart surgery. The purpose of the investigation was to gain information about mean and phasic pericardial pressure in patients whose clinical course was uncomplicated and use this as a basis for the early diagnosis of tamponade. It was also possible to use the technique to make more general observations on pericardial pressure, and in particular to investigate its relation with airway pressure during spontaneous and artificial ventilation, and also with that of the left ventricular cavity during diastole.
Received for publication 29 June 1976 Methods Eighteen patients were studied during the postoperative period after cardiopulmonary bypass, usually for valve replacement. Clinical details are given in the Table. This investigation had the approval of the Ethics Committee of the National Heart and Chest Hospitals.
Pericardial pressure was measured with a Gaeltec 3EA solid state transducer. This had an external diameter of 3 mm, low temperature sensitivity, and a resonant frequency of 50 kHz. The zero drift was low, and in the present study was found to be less than 2 mmHg in 24 hours. It was calibrated in saline at 37°C before insertion and was used in conjunction with a Gaeltec S7 control unit amplifier with an isolated input.
The transducer was introduced into the pericardial space by a separate stab wound at the end of the operation and was left in situ for up to 10 days. The pericardium was closed once the transducer had been positioned. Several sites were used for the transducer placement, including posterior to the left atrium or left ventricle, and anterior to the right ventricle in order to study the effect of position. In all cases the zero for pressure measurement was taken as atmospheric.
Simultaneous electrocardiogram and external phonocardiogram were also recorded, and in 4 patients left ventricular pressure was recorded for Mean and phasic pericardial pressure was recorded every 2 hours for the first 32 hours and daily thereafter, along with the electrocardiogram, phonocardiogram, and left ventricular pressure when available. When pericardial or mediastinal drains were still present, these were normally clamped before measurements were made. Observations were also made of the effects of unclamping the chest drains and of the relation with airway pressure during artificial ventilation, the latter being measured simultaneously at the level of the endotracheal tube. Relative left ventricular and pericardial distensibilities were derived from the ratio of the respective rates of increase of the two pressures during diastole.
There were no complications attributable to the investigation.
Results

MEAN PRESSURES
Changes in mean pericardial pressure with time after operation are shown in Fig. 1 . On return to the intensive care unit, the mean value was in the range 4 to 8 mmHg and remained so for the next 20 hours. However, at this time there was a consistent fall in mean pericardial pressure to less than 4 mmHg. This change, though small, was statistically significant (P < 0.01). In 5 patients there was an early rise in pericardial pressure to between 15 and 20 mmHg; in 1 patient, who developed tamponade, a value of 30 mmHg was recorded. By 32 to 48 hours after operation, however, pericardial pressure was usually between 0 and 5 mmHg.
PHASIC PRESSURE
Phasic wave forms varied with mean pericardial pressure. When mean pressure was low, the overall amplitude of the wave form was small, but this increased when the mean level was greater than 10 mmHg. Regardless of the amplitude, however, the highest values in the cardiac cycle were recorded during isovolumic contraction reaching a peak which coincided with the onset of ejection. Pericardial pressure then fell and was at its lowest during late ejection or isovolumic relaxation, increasing again during ventricular filling ( Fig. 2 and 3 ).
REGIONAL VARIATION
There was no effect on phasic or mean pressure attributable to the position of the transducer. An exactly similar increase in pericardial pressure occurred during ventricular isovolumic contraction when the transducer was posterior to the left atrium, as when it was related to the right or left ventricle. (Fig. 4) .
CLINICAL ASSOCIATIONS
In 16 patients, the clinical course was uncomplicated. In one patient, however (Case 6), in whom there were operative difficulties in achieving haemostasis, the initial mean pressure was 8 mnmHg. Over the first 4 hours after operation, the mean pericardial pressure rose to 30 mmHg and was associated with tachycardia and hypotension, confirming a clinical impression of tamponade. At reoperation, blood clot was evacuated from the pericardial space.
In another patient (Case 9) pericardial tamponade was suspected clinically on the basis of poor peripheral circulation, hypotension, tachycardia, and low urine flow, together with equally raised left and right atrial pressures. Pericardial pressure, however, was 1 mmHg and, at operation, there was no evidence of tamponade.
Discussion
Although the pressure gradient across the left ventricular wall during diastole is of considerable clinical significance, almost nothing is known in man of the characteristics of mean or phasic pressure within the pericardial space. Pericardial pressure has been measured with fluid-filled manometers in a variety of animals, including lightly anaesthetized dogs, both open and closed chest (Kenner and Wood, 1963; Holt et al., 1960; Shabetai et al., 1970) , fish (Sudak, 1965) , amphibia (Johansen, 1963) , and molluscs (Smith and Davis, 1965) . A consistent finding in all has been that pericardial pressure is lower in systole than in diastole. In the dogs, the mean value is 0 to 3 mmHg and the amplitude of the oscillations low (Holt et al., 1960) . Induction of tamponade leads not only to an increase in mean pressure, but also to a significant increase in the amplitude of oscillation during the cardiac cycle (Holt et al., 1960) . Our observations in man, made with solid state transducers, are directly comparable to these. Mean pressure was usually low, and the overall amplitude small. Maximum pressure always occurred during isovolumic contraction, with a fall during ejection and early relaxation, and an increase during left ventricular filling (Morgan et al., 1965; Shabetai et al., 1970) . The reduction in pericardial pressure during ventricular ejection causes a pressure difference between the great thoracic veins and the atria, resulting in acceleration of blood in the cavae and pulmonary veins as blood is sucked into the atria during ventricular systole (Holt et al., 1960; Morgan et al., 1966a, b) . This ensures rapid filling during ventricular relaxation and early diastole. This pattern was observed whether the transducer was placed behind the atrium or the ventricle, indicating that it was not a local effect (Duomarco et al., 1959 cardiac cycle increased in a manner exactly comparable to that described in animal experiments (Holt et al., 1960 The results reported here may also have clinical significance. Postoperative pericardial tamponade is a serious condition and, though its advanced form is usually recognized, measurement of pericardial pressure may be helpful in its earlier detection. Such measurements may also be useful in determining the significance of high ventricular filling pressures, and thus of avoiding inappropriate treatment with positive inotropic drugs when transmural pressures are, in fact, normal.
Finally, measurement of pericardial pressure over long periods may allow the incidence and clinical consequences of late tamponade in its milder forms to be established and be distinguished from those of impaired cardiac function. The use of a solid state transducer with low drift would make such observations possible with little inconvenience and thus allow long-term monitoring of a variable of considerable clinical and physiological significance in determining overall cardiac function. We feel that the technique is worthy of more extended use.
